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Poly(3,4-ethylenedioxythiophene):Polystyrene sulfonate (PEDOT:PSS) is a dispersion used
as a buffer layer on the ITO electrode in the organic solar cells. Silver nanoparticles (Ag NPs)
are incorporated to the dispersion using two different strategies. The first is by reduction of
silver ions in the PEDOT:PSS dispersion. Chemical reduction of silver ions using sodium
borohydried is compared with reduction using gamma radiation. The TEM and UV-visible
spectra indicates that smaller Ag NPs are obtained for the chemical reduction method than
those obtained from the radiochemical. The second strategy, is by preparing Ag NPs in
polyvinyl pyrolidone (PVP) solution using gamma irradiation then adding them to the
PEDOT:PSS dispersion. Layers of the PEDOT:PSS incorporated different concentrations of
Ag NPs (1, 2, 4, 6, 8, 10%) are formed. The SEM and AFM studies of the layers morphology
reveal that smooth morphology on the obtained for layers containing Ag NPs up to con-
centrations of 4%.
Copyright © 2015, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. All rights reserved.1. Introduction
Poly(3,4-ethylenedioxythiophene) and sodium polystyrene
sulfonate (PEDOT:PSS) is a conducting dispersion of the
PEDOT nanoparticles (conducting species) dispersed in a
solution of PSS (film forming species). It has beenwidely used
in the field of organic solar cells (OSCs) (Engmann, Turkovic,
Hoppe, & Gobsch, 2012; Kim et al., 2012; Zhang, Liao,
Yambem, Alley, & Curran, 2012). It works as a hole9.
(O.A. Ghazy).
gyptian Society of Radiat
iety of Radiation Sciencestransporting “buffer layer” between the active organic layer
and the indium tin oxide (ITO) anode. In addition it smoothes
the surface of the ITO electrode and lowers its work function.
It is reported that Ag nanocores/PEDOT:PSS films exhibits
higher conductivity values than those prepared from
PEDOT:PSS. Moreno et al. ( Moreno et al., 2009) achieved three
times of magnitude of electrical conductivity for films pre-
pared from Ag NPs functionalized with PEDOT:PSS compared
to films prepared from PEDOT:PSS alone. Wang et al. pre-
pared Ag NPs/PEDOT:PSS nanocomposite through one stepion Sciences and Applications.
and Applications. Production and hosting by Elsevier B.V. All rights
Fig. 1 e Photograph of PEDOT:PSS without AgNBs (S1), and
with AgNBs prepared using gamma radiation (S1) and
sodium borohydride (S2).
Fig. 2 e UV-visible absorption spectrum of PEDOT:PSS:
without AgNBs (S1), and with AgNBs prepared using
gamma radiation (S1) and sodium borohydride (S2).
Scheme 1 e Mechanism of silver ion reduction by g
radiation.
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was used as the reducing agent for the silver ions and the PSS
was used as the capping agent. The composite material was
found to lower the work function of the ITO electrode and
increase the highest occupied molecular orbital level of
PEDOT:PSS films and also induce the inhibition of the elec-
trostatic bond between PEDOT and PSS. The incorporation of
metal nanoparticles in this layer can help in the holeFig. 3 e TEM images of the PEDOT:PSS with silver nanotransport to the anode and increases the light pass length in
the absorbing layer (Yoon et al., 2010; Choi et al., 2013). Films
of Ag NPs/PEDOT:PSS meat a variety of applications such as
in photovoltaics, smart windows, amperometric sensors and
capacitors. Silver nanoparticles are usually produced by
reduction of silver ion solutions. Gamma radiation has been
proven to be simple and clean method for reduction of metal
ions specially silver and gold [Phu, Quoc, Duy, & Hien, 2013;
Vo, Kowandy, Dupont, Coqueret, & Hien, 2014].
In this work silver nanoparticles were added to PEDOT:PSS
using two different strategies. The first is by direct reduction
of silver ions in the PEDOT:PSS dispersion. The second strat-
egy, silver nanoparticles (AgNPs) were prepared using PVP as a
stabilizer and g-radiation for the reduction. The AgNPs were
added to the PEDOT:PSS in different concentrations and the
composite films were then investigated. The approach is very
useful for tailoring the buffer layer in OSCs.2. Experimental
2.1. Materials
Silver acetate (99%) was purchased from Sigma Aldrich.
PEDOT:PSS purchased from SigmaeAldrich, as 1.3 wt %
dispersion in H2O (PEDOT content, 0.5 wt. %, PSS content,
0.8 wt.%). NaBH4 (99%) was purchased from SigmaeAldrich.
PVP with average molecular weight (Mn) of 15 g mol1 was
purchased from SigmaeAldrich.particles prepared using different reducing agents.
Fig. 4 e UV-visible spectra of PEDOT:PSS dispersion with
different ratios of Ag NPs/PVP.
Fig. 6 e UV-Visible spectra of PEDOT:PSS without and with
different concentrations of AgNPs.
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1 ml of 0.01 M silver ions solution to 1 ml of PEDOT:PSS
dispersion (1.3% solid content). A samplewas reduced by 0.1M
NaBH4 and the other sample by irradiation at 20 kGy. Silver
nitrate/PVP solution was irradiated with 20 kGy g-radiation.
Irradiation was performed in self-shielded Indian gamma cell
facility installed at the National Center for Radiation Research
and Technology, Cairo, Egypt. The dose rate was determined
using a Fricke dosimeter and was found to be 2.86 kGy/h. The
obtained AgNPs were added to the PEDOT:PSS dispersion with
concentrations of 1, 2, 4, 6, 8 and 10% with respect to the
PEDOT:PSS content. Layers were then formed by spin coating
at 4000 rpm for 60 s., and dried at room temperature.
2.3. Characterizations
AgNPs dispersions and layers of the composite dispersion
were investigated using UV-visible spectroscopic analysis
using a UV2 double beam (Unicam, England) over the range of
200e800 nm using high-resolution scans. Transmission elec-
tron microscopy (TEM) imaging, was performed by TEM
(model JEM 100CS electron microscope, JEOL, Japan) working
at an acceleration voltage of 80 kV. The surface of the
PEDOT:PSS/Ag:PVP layers was investigated using scanningFig. 5 e TEM images of silver nanoparticles prepared by different
The image of the corresponding dispersions is shown in the melectron microscopy (SEM) model JEOL-JSM5400, JEOL, Japan
working at acceleration voltage of 30 kV. The morphology of
the PEDOT:PSS/Ag:PVP layers was studied using atomic force
microscopy (AFM), Agilent AFM 5500, USA.3. Results and discussion
3.1. Growing of silver nanoparticles in the PEDOT:PSS
dispersion
The reduction of the silver ions was performed using sodium
borohydride and gamma radiation. Fig. 1 shows the colors of
the PEDOT:PSS dispersion without and with AgNPs prepared
by the two methods. The color changed from blue (in web
version) to different degrees of greenish brown (in web
version). The difference in color is due to the difference in the
size of the particles.
The absorption spectra of the dispersions are shown in
Fig. 2. The surface plasmon of silver is known to be at 420 nm.
A red shift is observed for the dispersion with AgNPs prepared
by gamma radiation. This red shift indicates a larger particle
size [Ghazy, Nabih, Abdel-Moneam, Senna, 2013; Wang et al.,
2011]. The difference in the particle size produced by the twosilver nitrate concentrations: 0.01 M (left) and 0.05 M (right).
iddle.
Fig. 7 e SEM images of spin coated films of PEDOT:PSS dispersion with different ratios of silver nanoparticles.
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and growth processes during the particle formation. The
reduction with the gamma radiation is considered slow
reduction process compared with sodium borohydried. The
fast reduction results in larger number of nuclei and hence
smaller particles. It is observed in general that all the plasmon
spectra show no splitting, which means that uniform shape
was formed and there are no elongated particles exists.
Moreover, the symmetry in the spectra suggestshomogeneous spherical particles (Smitha, Nissamudeen,
Philip, Gopchandran, 2008; Ghazy et al., 2013), as will be
confirmed by the TEM results.
The AgNPs were grown on the surface of PEDOT particles
by making use of the presence of the functional sulfur atoms
in the structure of the PEDOT. The sulfur lone pair of electrons
complexeswith the silver ions, then the reduction of the silver
ions resulted in the formation of AgNPs on their surface. As
shown in Fig. 3 the formed AgNPs were grown on the surface
Fig. 8 e AFM images of spin coated films of PEDOT:PSS dispersion with different ratios of silver nanoparticles.
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which acts as the stabilizing agent preventing the agglomer-
ation. All the formed AgNPs are adsorbed completely on the
PEDOT particles. The different reduction methods resulted in
different particle sizes, where larger particles were obtained
from the reduction using the gamma radiation than those
obtained from the reduction using the sodium borohydride as
observed in Fig. 3a and b.
Long et al. [Long, Wu, & Chen, 2007] revealed that AgNPs
could not be formed at the gamma-ray dose of less than 5 kGy,
and no more differences were found for higher doses. A dose
of 10 kGy is chosen for the reduction of the silver ions in order
to confirm complete reduction. The mechanism of silver ion
reduction is explained in Scheme 1:
3.2. Tuning of the particles size of the silver
nanoparticles in PVP solution
The size of the AgNPs stabilized by PVP solution support can
be tuned by the relative concentrations of the silver ion con-
centration with the polymer solution concentration [Mayer &
Mark, 2000; Mahapatra & Karak, 2008]. Fig. 4 shows the UV-
visible spectra of AgNPs prepared using the same PVP solu-
tion concentration and different silver nitrate concentrations,
0.01 and 0.05M. It is noticeable that as the concentration of the
silver ions increases a red shift in the band of the surface
Plasmon is observed. The trend here suggests the formation of
larger AgNPs at higher silver ion concentrations. Moreover,
the absorption spectra show no splitting, implying that the
nanoparticles are uniform in shape with an aspect ratio of
approximately 1. In addition, the symmetry in the spectra
suggests the formation of homogeneous, spherical AgNPs,
[Smitha et al., 2008; Ghazy et al., 2013] whichwas confirmed by
TEM.
Fig. 5 shows the images of AgNPs prepared with 0.01 M (left
image) and 0.05 M (right image) silver nitrate stabilized by PVP
solution. It is clear that as the concentration of the silver ions
increases the particle size increases. The difference in color is
also clear in the image of the dispersions (middle image). The
results are in good agreement with the optical measurements
in Fig. 4.
3.3. Applying the Ag NP/PVP to the PEDOT:PSS layer
Silver nanoparticles with particle size of about 30 nm were
added to the PEDOT:PSS dispersions in ratios of 1, 2, 4, 6, 8, and
10% with respict to the PEDOT:PSS concentration. The color of
PEDOT:PSS dispersions with different concentrations of the
AgNPs shifts from the blue to the green color. The AgNPs
dispersion was easily distributed in the PEDOT:PSS dispersion
as the continuous phase is water in both of them. The color of
the PEDOT:PSS layer can be tuned by the addition of metal
nanoparticles. Thismeans that the color of the entire solar cell
can be tuned in this way. The different metals nanoparticles
have different colors. Moreover, the nanoparticles of the same
metalwith different sizes have different colors. Example is the
AgNPs which vary from yellow to black according to the size.
The UV-visible spectra of the different dispersions are
shown in Fig. 6. The silver surface Plasmon peak developed by
the addition of silver nanoparticles to the PEDOT:PSSdispersion at the concentration of 2%. The peak then
increased as the concentration of AgNPs increased from 2
to 10 %.
Layers were formed from the PEDOT:PSS incorporated the
silver nanoparticles. The morphology of the layers was
examined using SEM. As shown in the Fig. 7 the films of both
Ag/PVP and PEDO:PSS are very smooth. As the Ag/PVP
dispersion is added to the PEDO:PSS dispersion the films
formed were found to be smooth up to Ag/PVP concentration
of 6%. After which the films were found to feature some
separate domains, which increased as the concentration of
Ag/PVP increased. When the concentration of Ag/PVP reaches
10% a complete phase separation takes place.
The surface morphology was further studied on the
nanoscale by the AFM measurements (Fig. 8). The surface of
the PEDOT:PSS surface is shown to be smooth. The addition of
low concentration of AgNPs, up to 4%did not affect the surface
topography as observed in the figure. While higher concen-
trations of the silver nanoparticles caused the surface to be
rough. When the concentration reaches 10% the roughness
obviously increased, this observation is clear in the 3D image.
This means that the optimum concentration Ag/PVP to be
added to PEDOR:PSS is 4%.4. Conclusions
Ag NPs could be added to PEDOT:PSS dispersion using two
different method. In the first one, Ag NPs were grown on the
PEDOT:PSS particles using chemical and radiochemical
reduction. Where, PSS acts as a stabilizer for the formed
nanoparticles. The different reduction methods resulted in
different particle sizes. In the second method, Ag NPs were
prepared in a PVP solution, where it acts as the stabilizer,
using the gamma radiation silver nanoparticles dispersions
culd be added to the PEDOT:PSS in different concentrations.
Layers of the PEDOT:PSS/Ag:PVP were formed. The optimum
concentration for the best surface morphology of the layers is
up to 4% with respect to PEDOT:PSS concentration.
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